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ABSTRACT

This study presents the strengths and weaknesses of a biofilm erosion probability algorithm
that can be used in cellular automaton and individual-based biofilm simulation models. The
erosion probability is calculated using data on localized biofilm mechanical properties,
expressed through the composite biofilm Young’s modulus—a measure of biofilm strength
that varies in time and space—and on fluid hydrodynamic shear stress. Analysis of trends
shows that biofilm detachment is the process that results from the competition between bio-
film strength and hydrodynamic shear stress exerted on it by the fluid, with hydrodynamics
being more important when biofilm strength is low and vice versa. From the modeling sam-
ple analyzed in this study, it is evident that for biofilms with cluster and mushroom forma-
tions, erosion probabilities are lower in the crevices formed between two clusters—where
substrate is depleted—and higher at the top of the clusters where there is fresh biomass
growth. When compared to other detachment methodologies extensively used by biofilm
modeling researchers, such as the detachment speed that is a function of the square of the
distance to the solid substratum, it is proved that the probability of erosion algorithm would
give similar results.
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1. Introduction

A biofilm consists of microorganisms attached to a
solid surface, the substratum, having microbial cells
embedded in a matrix of organic polymers (extracellu-
lar polymeric substances—EPS) produced by the cells
[1]. Biofilms are ubiquitous in nature and are increas-
ingly important in engineered processes for wastewa-
ter treatment [2]. Some biofilms are viewed as “good,”
and we try to promote their accumulation. Examples
of good biofilms include those that are exploited in
fixed-film processes used to treat contaminated water,
wastewater and air, those that attach to stream beds

and aquatic vegetation, leading to self-purification of
water bodies, and those responsible for engineered or
intrinsic bioremediation of contaminated groundwater
[3]. Other biofilms are viewed as “bad,” and we try to
remove or prevent them. Bad biofilms include those
that foul ship hulls and pipelines [4], thereby
increasing friction loss and corrosion, those that cause
“souring” of oil wells, and those that cause medical
problems, such as infection related to implants.
Furthermore, membrane processes used in water desa-
lination are often affected by biofouling [5] caused by
the development of biofilm on the membrane that can
lead to its failure due to flux decline, membrane
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biodegradation from bacterial by-products and
increased salt passage due to biofilm-mediated salt
accumulation.

Biofilms are highly diverse; they can be physically
very thin, or thick, while the physical structure can be
either dense and homogeneous, or heterogeneous with
clusters and streamers of biomass intermingled with
open channels [1]. One of the reasons for biofilm
diversity is that many processes occur together as the
biofilm forms, such as microbial growth and death,
attachment and detachment [6]. Furthermore, they are
characterized by strong gradients; thus, the processes
occur in very different ways at the outer surface of
the biofilm, compared with near the substratum. This
article deals with biofilm detachment, which is the
physical movement of microbial cells from the biofilm
matrix. Detachment results in a loss of material from
the biofilm, and these materials generally move to the
liquid that is in contact with the biofilm. It can occur
in three broad patterns: (1) erosion, a continuous pro-
cess by which small pieces of biofilm are removed
from the biofilm’s outer surface; (2) sloughing, an
abrupt loss of a large segment of the biofilm; and (3)
scouring, or removal of large biofilm segments under
the action of strong forces, such as abrasion or scrap-
ing [7]. Whether the goal is to encourage or discour-
age biofilm accumulation, detachment is one of the
key determinants for how much biofilm accumulates,
as well as its physical and microbiological characteris-
tics. Biofilm detachment is an emerging research field.
Clearly, biofilm mechanical properties such as biofilm
strength and cohesion play an important role in defin-
ing detachment; physical hydrodynamic forces acting
on the biofilm from the liquid surrounding it are also
important factors [8].

Due to its complexity, biofilm simulation modeling
is extensively used in order to predict biofilm forma-
tion and growth. Discrete particle biofilm models rep-
resent biomass in individual units and include two
general model classes: cellular automata (CA) models,
such as the Unified Multi-Component Cellular
Automaton (UMCCA) model [6,9] and individual
based models [10]. A comparison of the two types of
models is presented in Laspidou et al. [11]. In
UMCCA, the biofilm is treated as a composite mate-
rial composed of four different phases, three solid bio-
mass materials (active biomass (X,), EPS, and residual
inert biomass (X,.)) and pores. Although critical for
estimating detachment, experimental data on biofilm
mechanical properties, such as tensile strength, cohe-
sive strength, elastic modulus, shear modulus, visco-
elastic strength, etc. are relatively scarce [12-14]. As
shown in Aravas and Laspidou [15], there is great
variability between reported measurements, usually
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attributed to measurement protocols and different
biofilm environments during growth and biofilm
characterization. Biofilm mechanical properties are
mainly affected by density and porosity, quantities
that vary from one biofilm to another and also
through the biofilm thickness. Porosity decreases in
biofilms that are subjected to compressive forces, since
the pores collapse [16] and can be reduced to almost
zero; conversely, porosity increases when biofilms are
under tension. Changes in porosity bring about
changes in the volume fractions of all phases through-
out the biofilm column [17].

Biofilm detachment, as important as it may be,
remains a poorly characterized phenomenon. Research-
ers that have conducted experiments may report
detachment kinetics of limited value since they apply
only to their specific system; others use arbitrary kinet-
ics that are not descriptive enough and do not take into
account biofilm mechanical properties. Hermanowicz
[18] developed a simple function that includes both
hydrodynamics and biofilm cohesion and expresses the
probability of cell erosion. This probability is suitable
for use in CA biofilm models. Laspidou et al. [19]
advanced this concept by providing a methodology on
how to quantify biofilm strength using localized con-
centrations of X,, EPS, X,,; and voids and on how to
quantify local hydrodynamics and embody it in a CA
model for biofilm growth. This article further advances
this algorithm by analyzing trends in biofilm erosion
probability modeling and comparing it with other mod-
eling approaches used in integrated CA and individ-
ual-based  modeling approaches included in
multidimensional biofilm models.

2. Materials and methods

Laspidou et al. [19] presented a simple rule that
can be incorporated in CA biofilm models, in order to
deal with the lack of any detailed information on local
biofilm detachment. For modeling compartments at
the biomass/liquid interface—compartments with at
least one empty neighbor—the probability of biofilm
erosion (P) is defined as follows:

1

P=— -
1 + Ecomp/rw

1)

where E,,, is the composite biofilm Young’'s modu-
lus (or elastic modulus), which is a measure of stiff-
ness of an elastic material and is used herein as a
measure of biofilm strength and potentially as a
predictor of where biofilm is least likely to fail. Ecop
is not uniform throughout the biofilm but varies in
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time and space, as do the fractions of voids and solid
biofilm components (active biomass X, EPS and
residual dead biomass X,,); however, it is not a
weighted average of the solid fractions, but it is calcu-
lated following a homogenization technique [16,17].
The hydrodynamic shear stress acting upon the bio-
film (1) is a function of fluid velocity, fluid density
and friction factor f; a methodology on how to calcu-
late 7,, is presented in Laspidou et al. [19]. Friction
factor f is dimensionless and is a function of only
Reynolds number for laminar flow; for turbulent flow,
f is a function of Reynolds number and “relative
roughness” ¢/D, the dimensionless ratio of average
biofilm size to the size of pipe or flow-cell in which
biofilm grows.

To show how E.,,;, varies throughout the biofilm,
Fig. 1 shows a modeling biofilm sample, which is an
output of the CA model UMCCA [6] and it is 600 um
long and 280 um deep. A solid substratum is assumed
at the bottom of the sample, which develops in a
“mushroom” shape, due to its growing conditions.
The biofilm is plotted in shades of grey with dark
pixels corresponding to high E,, values and lighter
pixels to smaller values. It is obvious that the bottom
of the biofilm, which is over 200 days old, has the high-
est Ec,mp values (as high as 175Pa) and only the top
part of the mushroom has lower E,, values. High
composite density and Young’s modulus values at the
bottom of the biofilm—close to the substratum—are a
result of almost zero voids for the old biofilm, which
has had a lot of time to consolidate, very low-active
biomass X, and high X,.; concentrations. The specifics
on the conditions that lead to the formation of this bio-
film are presented in Laspidou et al. [9,19].
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The erosion probability is calculated only for the
outer biofilm shell, that is, for the series of compart-
ments that come in contact with the fluid. Fig. 2
shows the graph of erosion probabilities in a color
graph for the outer biofilm shell, or only for the bio-
film compartments that are in contact with the fluid.
The next step is to examine how sensitive the biofilm
erosion probability is to the hydrodynamic shear
stress 1,,.. Fig. 3 shows a graph of all erosion probabil-
ity values shown in Fig. 2 as a function of t,; in
Fig. 2, the value of 7,,=10Pa was used for the calcula-
tion of P, while in Fig. 3 probabilities are recalculated
for 1, equal to 5 and 20 Pa.

The last step of this analysis is to compare the
probability of erosion calculation to other detachment
algorithms that have been used extensively by other
researchers. Xavier et al. [20] model detachment by
erosion using a speed of detachment (F4,) that is a
function of the square of the distance to the solid sub-
stratum (x), or Fai(x) =kyx>, where ky,; is the detach-
ment speed coefficient, with dimensions L™'T"'. A
second-order dependence on the distance to the solid
substrate was chosen by Xavier et al. [20], because it
ensures the existence of a steady state, even for the
extreme case of unlimited growth for the entire bio-
film. They used several detachment speed coefficients,
ranging from 0.95 to 95m 'h™'. In this study, the
detachment speed F,; is calculated for the UMCCA
biofilm sample shown in Fig. 1 and it is compared
with the probability of erosion P (Fig. 4), using a kg
value of 1/m-h. Obviously, it is possible to calculate
only one value of Fj, for every value of x, although
there may exist multiple values of P for the same dis-
tance from the substratum x. For example, most of the

Fig. 1. Map of E.up, throughout the biofilm for an UMCCA sample. Values in the legend are in Pa. The conditions
relevant to the development of this sample appear in Laspidou and Rittmann [9]. Figure is adapted from Laspidou et al.

[19].
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The areas with the lowest P
values are circled
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Fig. 2. Map of probability of detachment P for the outer shell of the UMCCA biofilm sample shown in Fig. 1: Probability
is reported only for biofilm compartments that are in contact with fluid (adapted from Laspidou et al. [19]). For this

calculation, it is assumed that 7, =10Pa.

“mushroom” top has CA compartments that are at the
same distance from the substratum; however, the
erosion probability values vary, as shown in Fig. 2. In
order to better compare the two quantities (F4; and
P), an average P value is calculated for all x’s; in other
words, in Fig. 4, the P values plotted and compared
with Fg,; are average values of all erosion probabilities
corresponding to the same distance from the
substratum x.

3. Results and discussion

In Fig. 2, the probability of erosion at the outer shell
of the biofilm is plotted and the results appear to have a
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Fig. 3. Dimensionless erosion probabilities P for the biofilm
modeling sample shown in Fig. 2, with variable localized
Ecomp, as shown in Fig. 1 and three different values of
hydrodynamic shear stress 7.

physical meaning. In Fig. 2, the parts of the biofilm that
exhibit the smallest erosion probabilities are circled. It
is obvious that these parts of the biofilm are somewhat
protected by the flow, since they lie on a “fold” of the
biofilm formation, or “crevice.” According to the algo-
rithm, these biofilm parts appear to have the lowest P
values and will be the least likely to erode. This is a for-
tuitous result, since the erosion probability calculation
does not explicitly include the flow field to make possi-
ble such a distinction between parts of the biofilm that
are protected by the flow and parts that are more
exposed to it. The reason why these areas have consis-
tently shown a lower erosion probability is related to
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Fig. 4. Relationship between speed of detachment F,(x)
=kgx> as reported in Xavier et al. [20] and erosion
probability P for the biofilm modeling sample shown in
Fig. 1. ky is the detachment speed coefficient and x is the
distance to the solid substratum. For this calculation,
kdet =1 m_lh_l.
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Fig. 5. Variability of substrate concentration in the fluid
surrounding the biofilm sample. Darker and lighter pixels
indicate higher and lower substrate concentrations,
respectively. Adapted from Laspidou and Rittmann [9].

the composite Young’s modulus E,, of the biofilm.
The lower P areas happen to have biofilm with the
highest strength, that is, the highest localized E,,,; this
is the case because those areas have very little new bio-
film growth, as the substrate in those areas is depleted.
Fig. 5 shows a shading plot of the substrate concentra-
tion of the fluid in which biofilm grows. In a sense, con-
centrations follow the shape of biofilm clusters, with
lighter areas inside the clusters—due to depletion of
substrate—and darker areas where there is biomass
growth. The clusters that protrude highest have a
higher substrate concentration at their outer surface
and this gives them a growth advantage that leads to
“mushroom” formations with new growth, which in
turn, leads to lower E,,;, values and higher erosion
probabilities. Biomass in the biofilm “crevices” see
almost zero concentration and cannot grow, but accu-
mulate inert biomass, consolidate with time, have a
porosity of almost zero and exhibit high E,,,, values,
which translate to low erosion probabilities.

Fig. 3 shows the dependence of erosion probability
on hydrodynamic shear stress. As expected, higher t,,
values result in higher erosion probabilities. The figure
shows that this dependence is stronger for lower bio-
film Young’s modulus values; this dependence gets
weaker as E,, values increase. This conclusion
enhances the idea that biofilm detachment is the pro-
cess that balances the competition between biofilm
cohesiveness and strength and hydrodynamic shear
stress. Only a small hydrodynamic stress is enough to
cause biofilm erosion in a low-strength biofilm (low
Ecomp), while even high hydrodynamic stresses may be
unlikely to cause erosion in a high-strength biofilm
(high Ecopy)-

Fig. 4 shows the relationship of erosion probability
to detachment speed used in several CA and individ-
ual-based modeling approaches [20]. Although the
two quantities (F4; and P) are not directly compara-
ble, since they have different units, a comparison of
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their trends is valuable. Plotting one quantity against
the other is a way to see how they relate. The fact that
erosion probability increases with detachment speed
proves that there is a good agreement between the
two quantities. The coefficient of determination R? for
this specific sample is also relatively high (0.78) indi-
cating that when either one of the two erosion predic-
tion algorithms is used, biofilm erosion results will be
generally similar, offering another indication that the
erosion probability presented in this article is
appropriate to predict biofilm erosion.

4. Conclusions

An analysis of the validity and robustness of an
algorithm to calculate probability of biofilm ero-
sion—a form of biofilm detachment—appropriate for
use in CA models is presented in this article. The
trends that influence the probability of erosion are
described and analyzed. It is shown that the proposed
erosion probability calculation gives results that have
a physical meaning that is consistent with biofilm
growing conditions, showing higher erosion in areas
exposed to high fluid hydrodynamic stresses and
lower erosion overall in parts of the biofilm that clus-
ters “fold” or form crevices, that are expected to be
protected from the flow, but also have low substrate
concentration. Erosion probabilities are computed
using the localized composite biofilm Young’s modu-
lus (Ecomp) and the hydrodynamic shear stress t,.
Analysis of results proves that biofilm detachment is
the process that results from the competition between
biofilm cohesiveness and strength and hydrodynamic
shear stress. When compared with other detachment
methodologies used by researchers for CA and indi-
vidual-based models, such as the detachment speed
Fue, it is proved that the probability of erosion
algorithm would give similar results.
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